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Abstract 
In this study, we calculated the whole arcing history of SF6 thermal plasmas happened inside a puffer-assisted self-blast chamber 
of high-voltage switchgears during the alternative current interruption process. It is very difficult to realize correctly these all 
phenomena using the computational schemes, therefore we have been trying to simplify the physics related in the problem. Most 
flows encountered in the process are turbulent and the ability to predict turbulence for this application is invaluable for the 
engineer to design the chamber reliably. The objective of this paper is to model turbulence by averaging the unsteadiness of the 
turbulence, which are called Reynolds averaged Navier-Stokes models, and to compare the results with pressure and temperature 
field distributions during the whole arcing history. It has been found that the two-equation turbulent model predicts bigger mixing 
of momentum, heat and species than the zero-equation model does.  
 
© 2009 Published by Elsevier B.V. 
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1. Introduction 
The study on SF6 thermal plasmas happened inside a puffer-assisted self-blast (PASB) chamber of high-voltage 
switchgears during the alternative current (AC) interruption process is invaluable for the engineer to understand the 
related physics and to research and develop the reliable products [1]. The experimental approach has been adopted 
well for investigating the complex interruption mechanism of electric arcs, but it requires mass infrastructure, safety 
and environment for large-capacity and high-voltage facilities. Nowadays, the numerical approach is making 
progress with the computational hardware and schemes as called numerical testing or digital testing [2]. 
The numerical method for modeling arc plasmas can be divided into the physical modeling and the black-box 
modeling; the physical model uses the equations related with fluid flow and heat transfer, and the black-box model 
deals with energy balance in terms of electrical view point [3]. The former is more suitable for understanding 
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mechanisms as well as for getting ideas during the switching process, but the cutting-edge numerical method is 
required for coupling the electromagnetic characteristics with heat and mass transfer and fluid flows [4]. Most flows 
encountered in the process are turbulent, and therefore the modeling of turbulent arcs is required for investigating 
arc instability by taking into account the density fluctuations in the region where the temperature gradient is very 
high [5].  
In this paper, we calculate arc plasmas and thermal-flow characteristics caused by fault current interruption inside 
a PASB chamber using computational fluid dynamics (CFD) technique. Especially, the objective of this study is to 
model turbulence by averaging the unsteadiness of turbulence, which are called Reynolds averaged Navier-Stokes 
(RANS) models, and to compare the results with pressure and temperature field distributions during the whole 
arcing history. Because of the significant influence of the turbulence on the heat and mass transport phenomena in 
the SF6 thermal plasmas, and the difficulty of obtaining detailed turbulence measurements in the high temperature 
arc region, emphasis was placed on the use of mathematical modeling as a means of studying the turbulence 
behavior in the chamber. The plasma turbulent viscosity and the turbulent intensity with two turbulent models, the 
Prandtl’s mixing length model and the k-ƃ model, are calculated. The results provide a valuable insight of the 
turbulence phenomena in the chamber. 
 
2. Numerical methods 
2.1 The governing equations 
 
Due to the strong energy input and frequent collision between plasma particles thermal plasmas happened inside 
the interruption chamber can be treated as a single fluid, namely local thermal equilibrium (LTE) plasmas. In order 
to calculate this thermal plasma, the time-averaged Navier-Stokes equations for a turbulent arc and its surrounding 
flow are required to couple with relevant Maxwell’s equations for considering Ohmic heating and Lorentz forces by 
an electric arc [6]. Equation (1) shows the conservation equations written in cylindrical polar coordinates for the 
thermal-flow field, and the electrostatic potential is found from Eq. (2) for the conservation of current: 
 
(1) 
 
 
(2) 
 
 
where ȡ is the gas density, is the diffusion coefficient, the source term,  the dependent variables, ț the 
thermal conductivity, ĳ the electrostatic potential and ı the electrical conductivity (table 1). The 
subscript l denotes the laminar part of the diffusion coefficient and t the turbulent part. q represents the energy 
source due to radiation transfer in the arcing gas. The viscous terms in the momentum and energy equations which 
are not included in the diffusion coefficient are treated as their respective source terms. As mentioned above, we can 
assume that the state of thermal plasma is LTE. Thus, the thermodynamics state is characterized by two 
thermodynamic variables (temperature and pressure), which departs from ideal gas law although the equation of 
state for a constituent species is assumed to be ideal. Electrical and thermal conductivity and laminar viscosity also 
are functions of pressure and temperature, which are tabulated by Frost and Liebermann. Ohmic heating ıE2 is 
providing heat source and Lorentz force J×B is providing momentum source. In addition, the current density and the 
magnetic field are calculated from the electrostatic potential and Ampere’s law respectively and can be written as: 
 
(3) 
 
 
(4) 
 
where  is the arc permeability. 
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Table 1.  Definitions of variable, diffusion coefficient, and source term for governing equations 
 
 
2.2 The arc model 
 
The governing equations are supplemented by constituent equations such as equation of state, material properties, 
radiation, turbulence and surface ablation. A semi-empirical radiation transport model is used to calculate q with net 
emission coefficient. This model assumes a monotonic radial temperature profile. The maximum temperature is Tm. 
In the arc region, which is defined from the arc axis to a temperature of 0.83Tm, q is a function of temperature, 
pressure, and arc radius which is defined as the radial position of 4,000 [K] isotherm. This relationship is taken from 
Liebermann and Lowke. For the region between the core edge and the 4,000 [K] isotherm we assume 50% of the 
radiation flux at the core edge is absorbed. The remaining 50% of the aforesaid radiation flux escapes from the arc 
and reaches the inner surface of the PTFE nozzle. For the nozzle used in the investigation, the rate of ablation is 
determined by [4] 
 
(5) 
 
where Q is the radiation flux per unit length reaching the inner surface of the nozzle and  the rate of ablation 
per unit length. ha is the energy required to break up the polymer PTFE chain and to raise the PTFE vapor from 
room temperature to 3,400 [K], which is equal to 1.19Ý104 [kJ/kg]. 
The high temperature arc also evaporates the metal electrode by heat conduction. For the modeling of this 
evaporation, we firstly approximate the cathode spot, where the arcing current is collected in a circular area and the 
metallic vapor is produced. We assume that the evaporation happens only at the cathode, FC, due to the complex 
physical phenomena of arc rooting inside a hollow anode. The rate of evaporation of the Cu electrode happens to 
reach the melting temperature (§1,356 [K] for copper) of the cathode surface and to produce the following [6]: 
 
(6) 
 
where hv is the total energy required to heat up the electrode surface to the melting temperature (=135 [kJ/kg]) and 
to supply the latent heat for phase change per a unit mass (=5,070 [kJ/kg]) of the cathode material. qv is the energy 
available for vaporization of the Cu electrode. We assume that the velocity at which the vapor is injected depends on 
the mass flow rate and the density and that the temperature of the vapor is around 1,356 [K]. 
The pressure of the arc plasma is above atmospheric pressure; thus, particle collisions (atomic, molecular, ions 
and electrons) are frequent, and the plasma is said to be collision dominated. Under these conditions, the arc plasma 
is in local thermodynamic equilibrium (LTE), and all particles have a single temperature. Local chemical 
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equilibrium (LCE) can be used to simplify the calculation of the composition of the mixture and the diffusion 
coefficients of the vapors. The composition of the mixture is obtained by minimization of the Gibb’s free energy 
under the assumptions of LTE and LCE. The thermodynamic and transport properties are then calculated by using 
basic transport theory and are tabulated as functions of the temperature, the total pressure of the mixture, and the 
mass concentration of PTFE vapor [7]. The electrical conductivity of the mixture is used from the data of Chervy et 
al. [8] due to the much higher electrical conductivity of copper vapor. 
 
2.3 The turbulence model 
 
It is well known that most flows encountered in these arcs can be turbulent. Turbulent momentum and energy 
exchange plays a very important part in determining the breaking capacity of SF6-blast circuit breakers. Especially, 
the PASB mechanism makes the turbulence be more significant than other breaking principles due to the use of 
PTFE ablation for the arc interruption. In this study, we compare two turbulent models, the Prandtl’s mixing length 
model and the k-ƃ model, with the plasma turbulent viscosity and the turbulent intensity. 
The Prandtl’s mixing length model is also known as zero-equation model since the length and velocity scales are 
directly related to the mean flow. For arcs burning in axisymmetric flow fields, the length scale is proportional to the 
local thermal radius which characterizes the boundary of the high velocity core. The velocity scale is constructed 
from the local velocity gradient and the length scale. The eddy viscosity can then be calculated by [4,6] 
 
(7) 
 
 
(8) 
 
where į is the thermal radius and c1 is a turbulence parameter (=0.2), the value of which is to be adjusted according 
to experimental results. 
More sophisticated turbulence models are based on additional equations which calculate the velocity and length 
scales for the turbulence. For the k-ƃ model, the kinematic viscosity Ȟt is related to the time averaged turbulent 
kinetic energy and its dissipation rate with constants which are determined from  [5] 
 
(9) 
 
 
(10) 
 
 
(11) 
 
 
(12) 
 
(13) 
 
3. Results and discussion 
3.1 Thermal-flow characteristics during the whole arcing history 
 
The schematic diagram of the PASB chamber with boundary conditions is shown in Fig. 1. It consists of a pair of 
metal electrodes (MC and FC) for current flow, PTFE nozzles (MN and AN) for insulation and ablation, and two 
chambers (EV and CV). The pressure transients in two chambers are produced by the mechanical piston and by the 
entrained thermal energy from the arcing zone (AZ), respectively. Since the pressure-rise in the compression volume 
rdr
kR
k
21
2
0 2
³ ¸¸¹
·
¨¨©
§
 
U
UG
 
z
v
r
w
ct w
w

w
w
 21GUP
   HU
V
UQUU  ¸¸¹
·
¨¨©
§

w
w
k
k
t Pkkv
t
k &
   HHUH
V
UQHUUH
H
eke
t cPc
k
v
t 21
 ¸¸¹
·
¨¨©
§

w
w &
»
»
¼
º
«
«
¬
ª
¸
¹
·¨
©
§
w
w

w
w
¸
¹
·¨
©
§¸
¹
·¨
©
§
w
w
¸
¹
·¨
©
§
w
w
 
2222
222
z
v
r
w
r
v
r
v
z
w
P tk Q
HQ P /
2kct  
3.10.192.144.109.0 21      HP VV kee ccc
826   J.C. Lee /  Physics Procedia  32 ( 2012 )  822 – 830 
is for the interruption of a small current, we focus on the pressure-rise only in the expansion volume for the whole 
arcing history. The moving velocity of the piston and FC to the right-hand side is assumed to be constant with 8 
[m/s]. The initial pressure in the chamber is 0.65 [MPa]. The arcing time is 13.1 [ms] and the maximum current is 
50 [kArms]. 
The thermal-flow characteristics inside the PASB chamber during the whole arcing history, which are calculated 
with the Prandtl’s mixing length model, are shown in Fig. 2. The six points, “a” to “f”, are selected for the 
investigation of the results. Time and applied current are 2.12 [ms] and -4.8 [kA] to “a”, 3.12 [ms] and 15.1 [kA] to 
“b”, 5.62 [ms] and 57.0 [kA] to “c”, 7.72 [ms] and 71.3 [kA] to “d”, 10.9 [ms] and 39.7 [kA] to “e”, and 13.1 [ms] 
and 0.1 [kA] to “f”, respectively. It is found that the flow from AZ to EV maintains to over the maximum current 
point “d”, but the reverse flow from EV to AZ happens around point “e” with the nozzle unclogging. When is near 
current zero, point “f”, the residual arc is cooled down by the accumulated pressure energy and the reverse flow 
from EV. And then the surrounding SF6 gas can recover its dielectric strength and thermal plasmas between 
electrodes can be extinguished completely. These are the typical flow characteristics of the PASB chamber and 
become the successful key of the chamber design. 
 
3.2 Pressure-rise in EV and arc voltage 
 
The pressure-rise in EV and the calculated arc voltage with two turbulent models are shown in Fig. 3. The 
pressure in EV is increased by heat and mass transfer from AZ during high-current period when the time is till 9.5 
[ms]. And the arc voltage near current zero is increased abruptly by the well-cooing of arcs between the electrodes. 
For two turbulent models, the pressure-rise in EV and the arc voltage are similar during the whole arcing history 
except near current zero. The deviation between two turbulent models starts over the maximum point of the 
pressure-rise, which is when the time is about 10 [ms]. It is because the arc is cooled down by the blowing-off force 
from EV and the effect of turbulence causes the instabilities of arc between the contacts and of flow through EV. As 
mentioned in this section, the turbulent model plays an important role in predicting the state of arcs near current zero, 
which is the final goal of these kinds of researches. Therefore, it is required to further study on the more adequate 
turbulent model in the PASB chamber near and after current zero. 
 
 
Fig. 1  Schematic diagram of the PASB chamber under investigation 
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Fig. 2  Thermal-flow characteristics inside the PASB chamber during the whole arcing history 
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Fig. 3  Pressure-rise in EV(left) and arc voltage(right) with two turbulent models 
 
3.3 Arc cooling near current zero 
 
In order to confirm that the deviation between two turbulent models mentioned the previous section is due to the 
arc-cooling level, temperature distributions between the electrodes just before current zero are shown in Fig. 4. 
Large pressure accumulation in EV means that it has good ability to cool down arc plasmas near current zero. 
Because the pressure-rise in EV with the k-ƃ model is higher than that with the Prandtl’s mixing length model, the 
residual arc between the contacts with the k-ƃ model is thinner than that with the Prandtl’s mixing length model. The 
arc voltage is inversely proportional to electrical resistance and arc radius, and then it is higher when the k-ƃ model 
is used as shown in Fig. 3. From these results, it can be understood that the two-equation turbulent model predicts 
bigger mixing of momentum, heat and species for switching arcs in the PASB chamber than the zero-equation 
model does. 
Generally, we can imagine that the significant region of the turbulence is near the electrode, FC, especially, in 
front of FC. It is found from Fig. 5 that the important region for the plasma turbulence is in front of FC, where the 
blowing-off gas from EV makes the stagnation and the vortex, forming a shear layer between the plasma and the 
blowing-off gas. Therefore, the turbulent viscosity in front of FC is much greater than the other region in the 
chamber, and the turbulent effect is so high that the molecular viscosity is almost negligible.  
 
4. Conclusions 
In this study, we found that the k-ƃ model and the Prandtl’s mixing length model can give good predictions of the 
thermal-flow characteristics during the whole arcing history of the SF6 thermal plasma inside the PASB chamber. 
Conclusions are summarized as follows: 
 
(1) For two turbulent models, the pressure-rise in EV and the arc voltage are similar during the whole arcing 
history except near current zero. The deviation between two turbulent models starts over the maximum point of the 
pressure-rise, and is because the arc is cooled down by the blowing-off force from EV and the effect of turbulence 
causes the instabilities of arc between the contacts and of flow through EV. 
 
  
Fig. 4  Temperature distributions between the electrodes with two turbulent models:  
Prandtl’s mixing length model(left) and k-ƃ model(right) 
 
 
 J.C. Lee /  Physics Procedia  32 ( 2012 )  822 – 830 829
 
(2) Because the pressure-rise in EV with the k-ƃ model is higher than that with the Prandtl’s mixing length model, 
the residual arc between the contacts with the k-ƃ model is thinner than that with the Prandtl’s mixing length model. 
The arc voltage is inversely proportional to electrical resistance and arc radius, and then it is higher when the k-ƃ 
model is used.  
 
(3) The significant region of the turbulence is near the electrode, FC, especially, in front of FC. The important 
region for the plasma turbulence is in front of FC, where the blowing-off gas from EV makes the stagnation and the 
vortex, forming a shear layer between the plasma and the blowing-off gas.  
 
(4) The two-equation turbulent model predicts bigger mixing of momentum, heat and species for switching arcs 
in the PASB chamber than the zero-equation model does. However, in order to predict the state of arcs after current 
zero and the performance of systems, it is required to further study on the more adequate turbulent model in the 
PASB chamber near and after current zero. 
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Fig. 5  Turbulent viscosity distribution for k-ƃ model(left) and radial temperature profile in front of FC(right) 
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